H ippocampal CAl neuronal injury after transient forebrain ischemia can be prevented by postischemic application of various drugs, 1 -6 indicating that the processes leading to the induction of delayed neuronal injury become irreversible after and not during ischemia. The critical period during which these processes are induced seems to occur soon after the beginning of recirculation. Kirino et al 4 showed that treatment with pentobarbital prevents delayed neuronal injury in the hippocampus when started immediately after the end of ischemia but that the drug treatment is no longer significantly protective when started 1 hour after the beginning of recirculation. In a previous experiment from our laboratory CAl neurons were protected by 1% halothane when gerbils were anesthetized during the initial 45 minutes of recirculation, but the anesthetic had no effect when inhalation was discontinued after 15 minutes of recirculation or when it was started >100 minutes after the end of ischemia.
H
ippocampal CAl neuronal injury after transient forebrain ischemia can be prevented by postischemic application of various drugs, 1 -6 indicating that the processes leading to the induction of delayed neuronal injury become irreversible after and not during ischemia. The critical period during which these processes are induced seems to occur soon after the beginning of recirculation. Kirino et al 4 showed that treatment with pentobarbital prevents delayed neuronal injury in the hippocampus when started immediately after the end of ischemia but that the drug treatment is no longer significantly protective when started 1 hour after the beginning of recirculation. In a previous experiment from our laboratory CAl neurons were protected by 1% halothane when gerbils were anesthetized during the initial 45 minutes of recirculation, but the anesthetic had no effect when inhalation was discontinued after 15 minutes of recirculation or when it was started >100 minutes after the end of ischemia. 6 These observations suggest that the period during which induction of delayed neuronal injury becomes irreversible lies within the initial 1 hour of recirculation and that it requires a certain time for completion. We carried out the following experiment to determine the precise time course of these processes by using differently timed infusions of an ultrashort-acting barbiturate, methohexital, to prevent postischemic CAl neuronal injury after global ischemia in gerbils.
Materials and Methods
We used 82 adult Mongolian gerbils (Meriones unguiculatus) of either sex weighing 50-80 g. Anesthesia was induced with 3% halothane inhalation and then maintained with 1% halothane in 70% nitrogen and 30% oxygen. Rectal temperature was monitored throughout the experiment and kept close to 37.5° C with a feedback-controlled heating system. The left external carotid artery was exposed through a midline cervical incision using an operating microscope. A 27-gauge needle connected to an infusion pump and a pressure transducer was inserted with a micromanipulator (Precidor Type 5003, Infers AG, Bottmingen, Switzerland) into the left lingual artery and advanced retrogradely to place the needle tip close to the carotid bifurcation. Clotting of the needle was prevented by the continuous infusion of 2-5 /nl/min saline except during ischemia.
Ischemia was induced in 77 gerbils by occluding both common carotid arteries with Biemer clips (FD 562, Aesculap Werk AG, Tuttlingen, FRG) for 10 minutes. In a previous study 7 bilateral common carotid artery occlusion for 10 minutes did not produce significant CAl neuronal injury when the back pressure measured distal to the occlusion exceeded 15 mm Hg. To exclude gerbils with partial ischemia, we rejected animals in which back pressure in the carotid artery was >10 mm Hg. After release of the vascular occlusion, 0.04 mg/kg/min methohexital (30 /xl/min) or 30 ;u,l/min saline was infused into the left carotid artery for 10 minutes beginning after 0, 10, 20, 30, 40, or 60 minutes of recirculation or for 20 minutes beginning after 0, 20, or 40 minutes of recirculation. Each group consisted of five or six methohexital-treated and one or two saline-treated gerbils. After 70 minutes of recirculation the needle was removed, the skin was sutured, and halothane anesthesia was discontinued. The five remaining gerbils were used for histologic controls; they were sham-operated as described above (their common carotid arteries were not occluded) and their left carotid arteries were infused with saline.
After 7 days of recirculation the gerbils were anesthetized with 100 mg/kg pentobarbital and decapitated. The brains were removed and fixed by immersion for 1 day in 4% buffered formalin and for 4 days in 10% buffered formalin. Coronal sections 5 m thick were prepared at a level 1.4-1.7 mm posterior to the bregma and stained with Luxol fast blue and cresyl violet. Intact neurons in the left hippocampal CAl sector were counted, and neuronal density was expressed as cells per millimeter of stratum pyramidale.
Statistical evaluation was performed using analysis of variance and Student's t test with Bonferroni corrections for multiple comparisons. 8 Data are quoted as mean ± standard deviation.
Results
Three of the 77 gerbils subjected to 10 minutes of bilateral common carotid artery occlusion (two with 10 minutes of methohexital infusion beginning after 20 and 60 minutes of recirculation and one with 10 minutes of saline infusion beginning after 60 minutes of recirculation) recovered initially but then gradually became hypokinetic and died after 1, 2, and 5 days of recirculation, respectively; results from these three gerbils were excluded from analysis. The other 74 gerbils survived for 7 days without showing any gross neurologic symptoms except for transient postischemic motor hyperactivity. All five sham-operated control gerbils survived for 7 days.
In the remaining 79 gerbils the mean carotid arterial blood pressure at baseline was approximately 75 mm Hg; among the 74 subjected to ischemia, back pressure decreased to < 10 mm Hg after carotid artery occlusion in all but 11 gerbils, which were also excluded (see "Materials and Methods"). Upon recirculation, the mean carotid arterial blood pressure promptly returned to the baseline level. In some gerbils, blood pressure subsequently decreased to approximately 70% of baseline for a few minutes before returning to the baseline level. After 60 minutes of recirculation carotid arterial blood pressure ranged between 55 and 86 mm Hg and did not differ significantly from the baseline level; blood pressure also did not differ significantly among groups. Mean rectal temperature at baseline was close to 37.5° C in all groups; temperature remained stable during the experiment. Measurements of carotid arterial blood pressure and rectal temperature are shown in Table 1 .
Neuronal density in the stratum pyramidale of the In the groups with 10 minutes of methohexital infusion beginning during the initial 40 minutes of recirculation, neuronal density increased to >100 cells/mm, or up to 64% of control ( Figure 1 ). This increase was significant (p<0.05) for the 10-20 and 30-40 minutes of recirculation groups. Neuronal density decreased to <30% of control for the 40-50 and 60-70 minutes of recirculation groups.
In the groups with 20 minutes of methohexital infusion, neuronal density was 95% of control for the 0-20 minutes of recirculation group (Figure 2 , b and e), and 73% of control for the 20-40 minutes of recirculation group ( Figure 1) ; both values were significantly greater than for the untreated group (p<0.005). Neuronal density for the 0-20 minutes of recirculation group was also significantly greater than that for the 0-10 and the 10-20 minutes of recirculation groups. Methohexital infusion for 20 minutes beginning after 40 minutes of recirculation did not consistently result in neuroprotection; neuronal density was only 45% of control (Figure 2, c and f) , which did not differ significantly from that for the untreated group (Figure 1) .
Discussion
Pharmacologic studies of the selective vulnerability of neurons in the hippocampus after brief periods of global forebrain ischemia in gerbils suffer from a substantial degree of variability in the injury to both treated and untreated animals. In a previous study, we observed that this variability is partly due to differences in the severity of cerebral ischemia, as evidenced by the variations in carotid artery back pressure measured distal to the vascular occlusion. Despite the well-documented lack of posterior communicating arteries in gerbils, 9 this pressure may be as high as 35 mm Hg and correlates in a thresholddependent manner with the degree of hippocampal neuronal injury. For an ischemic period lasting 10 minutes, the threshold lies close to 15 mm Hg. 7 To exclude reliably those animals with incomplete ischemia, gerbils with a back pressure of > 10 mm Hg were, therefore, rejected from analysis. Furthermore, CA1 neuronal injury was assessed ipsilateral to the back pressure recording because differences in the anatomic configuration of collateral vessels between the carotid and vertebral artery territories 10 " 12 may account for differences in histologic injury between the two sides of the brain. 4 Using this approach, we demonstrated that the postischemic administration of the short-acting barbiturate methohexital at a dose of 0.04 mg/kg/min prevents hippocampal neuronal injury only when infused over 20 minutes during the initial 40 minutes of recirculation. Briefer or later infusions result in much less protection.
This finding may be of interest for understanding both the therapeutic effect of barbiturates and the mechanisms of selective vulnerability. Barbiturates are thought to protect the brain against ischemic injury by inhibiting metabolic activity, reducing cerebral electrical activity, stabilizing membranes, ameliorating edema, or scavenging free radicals.
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Inhibiting metabolic activity may be of benefit under two circumstances: when barbiturates are applied either before ischemia to delay breakdown of energy metabolism or during postischemic hypoperfusion to improve the mismatch between the oxygen requirement and the oxygen consumption of the brain. In our present experiment, the barbiturate effect must depend on another mechanism because the drug was given after ischemia, before hypoperfusion developed. For similar reasons, suppression of hyperexcitability and inhibition of edema formation are probably of lesser importance because neuronal hyperactivity does not appear until a few hours 16 and edema does not appear until 2 days 17 after recirculation, that is, long after barbiturates lose their protective effect.
It is, therefore, more likely that methohexital ameliorated some kind of early reperfusion injury. One mechanism of such amelioration may be interference with postischemic free radical formation. Yoshida et al 18 showed that the increase in the concentration of arachidonic acid that results from peroxidation of lipid membranes during and after ischemia is reversed within 30 minutes of recirculation. These authors also observed that malondialdehyde, which is a by-product of lipid peroxidation, transiently accumulates during the initial 30 minutes of recirculation, indicating that reactive oxygen radical species are generated during this interval. In view of the fact that barbiturates are free radical scavengers 19 and that the therapeutic effect was most pronounced during this interval, such a mechanism could be involved. However, interference with other reperfusionassociated changes (such as increased calcium fluxes 20 ' 21 and the release of neurotransmitters 22 ) cannot be excluded and should also be considered.
A puzzling question that remains to be solved is the long interval between the early appearance of barbiturate-sensitive pathophysiologic processes and the late manifestation of CAl neuronal injury. 23 During the maturation of the injury, certain metabolic disturbances (such as dysregulations of protein and polyamine metabolism) have been described 24 that apparently are of pathogenetic importance for the development of delayed neuronal death. Our demonstration of an amazingly narrow postischemic window during which short-acting barbiturates are protective suggests that the onset of these disturbances must be linked to pathophysiologic events that are established during this short interval. The elucidation of this relation will be of fundamental importance for the understanding of selective vulnerability and therefore warrants further investigation. 
